Morphological and functional changes in lung macrophages from mice injected intravenously with Mycobacterium bovis BCG cell walls (CWs) were studied. In BCG CW high-responder mice (C57BL/6 [B6] strain), an increase in the size and the acid phosphatase activity of lung macrophages was observed. These lung macrophages showed greater microbicidal activity to M. bovis Ravenel and Listeria monocytogenes EGD, enhanced superoxide anion production index, and greater macrophage migration inhibition activity, as compared with lung macrophages from BCG CW low-responder mice (C3H/He strain), which were small in size and showed weak acid phosphatase activity, low antimicrobial activity, and low superoxide anion production index upon intravenous injection of the mice with BCG CW. These results indicated that lung macrophages from B6 mice injected with BCG CWs were morphologically and functionally activated, but not those from C3H mice.
In a previous report we showed a clear difference in lung granuloma response to Mycobacterium bovis BCG cell wall (CW) vaccine between C57BL/6 (B6) and C3H/He (C3H) mice (34) . B6 mice showed intensive lung granuloma formation 3 or 4 weeks after intravenous injection with BCG CW vaccine, but C3H mice did not. Anacker et al. reported that lung granuloma induced in mice with BCG CW vaccine provided protection against aerosol challenge with virulent tubercle bacilli (1) . We also confirmed this finding in a modified experiment (28, 29, 33, 35, 37) .
Morphological, biochemical, and functional changes, collectively called activation, can be induced in macrophages by BCG injection (12, 22, 23) . Activated macrophages, which are the main constituent of lung granuloma induced with BCG CWs, are supposed to be closely associated with the antituberculous effect of lung granuloma. To clarify the correlation between the activation of lung macrophages and the bactericidal effect of lung granuloma, we examined the morphological and functional changes in alveolar cells from B6 and C3H mice injected with BCG CW vaccine. In the present paper, we show that lung macrophages from B6 mice bearing lung granuloma are large, have increased acid phosphatase activity, are able to induce intensive inhibitory effects against M. bovis and Listeria monocytogenes, and have enhanced superoxide anion production, whereas macrophages from C3H mice, which have a low response to BCG CWs, are not activated.
MATERIALS AND METHODS Animals. B6 mice were obtained from the Shizuoka Agricultural Experimental Animal Cooperation, Hamamatsu, Shizuoka, Japan. C3H mice were bred in our animal facilities. All of the animals were specific-pathogen free and were used at 6 to 8 weeks of age.
BCG CW vaccine. BCG CWs were kindly donated by W. Brehmer, Robert Koch Institute, Berlin, Federal Republic of Germany. BCG CW vaccine was prepared by the method of Brehmer et al. (5) . A typical procedure was as follows. Light * Corresponding author. mineral oil (Drackeol 6VR) was added to lyophilized CWs (0.12 ml of oil per 25 mg of CW, unless stated otherwise) in a Teflon grinder, and the mixture was ground to a smooth paste. Saline containing 0.2% Tween 80 was gradually added to the paste, and grinding was continued until a welldispersed oil-in-water (o/w) emulsion containing a minimum of 1.5 mg of CW per ml was obtained. Samples of 0.2 ml of vaccine thus prepared were injected intravenously into mice.
Measurement of lung granuloma. Lung granuloma size was estimated by the increase in lung weight. Histological findings indicated that a considerable proportion of the increase in lung weight which occurred as a result of the injection of BCG CWs was due to an increase in cellularity in the organ and not merely to edema. To evaluate more properly the degree of increase in lung weight, we calculated a lung index as follows: lung index = (lung weight/body weight) x 100.
Protection test. After one-half of the experimental animals of each group were killed to determine their lung weight, the remaining mice were challenged immediately by exposure in an airborne-infection apparatus (TRI-R Instruments Inc., Jamaica, N.Y.) to aerosols containing M. bovis Ravenel. Cultures of strain Ravenel for this purpose were prepared in the following manner. A culture on Ogawa egg slant medium was incubated at 37°C for 21 days, and the fully grown bacilli were suspended by grinding in a solution of 0.1% bovine albumin fraction V and 0.1% Tween 80 at a concentration of 5 mglml. This suspension was filtered through Whatman no. 6 filter paper to remove clumps of bacilli. The filtrates usually contained ca. 5 x 106 viable units per ml and were diluted 1:100 before being transferred to the nebulizer of the airborne-infection apparatus. Mice were placed in the chamber, and the air flow was adjusted to deliver 4 ml of the diluted filtrate from the nebulizer in 30 min. The animals were then retained in the chamber for an additional 30 min after the nebulization was stopped. Before the chamber was opened, decontamination of the fur and chamber was accomplished by air washing for 15 min with a UV light. The mice were killed 3 weeks after the challenge to determine the number of viable units of virulent mycobacteria in their lungs. The lungs were ground individually in a Teflon grinder, and decimal dilutions of the suspensions were inoculated on Ogawa egg slant medium. Colony counts were made 1 month after inoculation.
Isolation of alveolar rinsings. To obtain alveolar rinsings, we used the procedure of Bluse van Oud Albals et al. (4) after a slight modification. The mice were anesthetized by intraperitoneal injection with 0.2 ml of Ketalar (Sankyo Co. Ltd., Tokyo, Japan). The thorax of the anesthetized animal was opened, and the aorta, esophagus, and inferior caval vein were incised. Then the right ventricle was punctured with a 22-gauge needle attached to a syringe containing 5 ml of 1 mM EDTA in phosphate-buffered saline, which was slowly injected into the heart to remove the monocytes from the lung vasculature. Next, the trachea was exposed and cannulated with a 4-gauge Teflon catheter. The Teflon catheter was connected to a syringe containing 1 ml of 1 mM EDTA in phosphate-buffered saline. This solution was pumped into the lungs with the syringe and then immediately recovered. The procedure for collection of fluid from the lungs was repeated several times. Characterization of adherent alveolar cells. The size and acid phosphatase activity of adherent alveolar cells were determined as follows. The alveolar rinsings obtained as described above were washed three times with Hanks balanced salt solution and then suspended in RPMI 1640 culture medium with 10% heat-inactivated fetal calf serum (GIBCO Laboratories, Grand Island, N.Y.). They were seeded on glass cover slips in plastic dishes and incubated for 1 h at 37°C in a 5% CO2 incubator. After incubation, nonadherent cells of alveolar origin were removed by gentle washing with fresh warm medium. Two cover slips of plastic-adherent cells were made from each group of alveolar cell suspension. The first preparation was fixed with methanol for 20 min at room temperature and stained with Giemsa solution. The second preparation was stained for acid phosphatase by the method of Dannenberg (8) The antituberculous activity of the adherent alveolar cell monolayer was determined in the same way as the antilisterial capacity except for the incubation, which was initiated after the extracellular mycobacteria used for infection had been washed out with RPMI 1640 medium without penicillin. The adherent alveolar cell monolayer was challenged with 105 M. bovis Ravenel cells and incubated for 24 h. The number of CFU of intracellular mycobacteria was determined on Ogawa egg slant media inoculated with lysates, as described above, 1 month after incubation at 37°C. (Figure 3 shows the result of a representative individual experiment of three replicates.)
Superoxide anion production by alveolar cells. Production of superoxide anion was assayed by the reduction of cytochrome c (type III; Sigma), using a modification of the method of Kakinuma and Minakami (14) . Briefly, the reaction mixture for the detection of superoxide anion generated in cells contained 80 ,uM cytochrome c and 106 adherent alveolar cells per ml in HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-saline buffer (pH 7.4). The reduction of cytochrome c was recorded as an increase in absorbance at 550 nm in a double-beam spectrophotometer (model 557; Hitachi Koki Co., Tokyo, Japan) at 37°C for 5 min after the addition of a phagocytic stimulant, phorbol myristate acetate (Sigma).
To evaluate the degree of production of superoxide anion by adherent alveolar cells obtained from BCG CW-induced lung granuloma, we calculated a superoxide anion production index (SPI) as follows: SPI -production of superoxide anion by adherent alveolar cells from BCG CW-injected mice/production of superoxide anion by adherent alveolar cells from control mice.
Macrophage MI. Basically, the macrophage migration inhibition (MI) test was performed as described previously RESULTS Comparison between B6 and C3H mice of effect of BCG CWs on lung granuloma formation and on subsequent protection against M. bovis. Twelve B6 mice and twelve C3H mice were injected intravenously with 300 ,ug of BCG CWs. As a control group, 12 mice of each group were injected with o/w emulsion without BCG CWs. Six mice of each group were killed to determine their lung weights 4 weeks after BCG CW or o/w emulsion injection. The remaining six mice of each group were challenged by aerosols containing M. bovis. They were killed 3 weeks after challenge to determine the number of viable units of virulent mycobacteria in the lungs. Table 1 shows the result of a representative individual experiment of three replicates. B6 mice injected with BCG CWs showed a significantly higher granuloma formation and more intensive protection than did C3H mice injected with BCG CWs, or their control mice injected with o/w emulsion without BCG CWs.
Size and acid phosphatase activity of adherent cells from alveolar rinsings after intravenous injection with BCG CWs.
Eight B6 mice and twelve C3H mice were injected intravenously with 300 ,ug of BCG CWs. As a control, groups of 10 B6 or C3H mice were injected intravenously with o/w emulsion without BCG CWs. Four weeks after the injection, the alveolar rinsings obtained fromn these mice were pooled to determine the size and acid phosphatase activity of the adherent alveolar cells.
In B6 mice injected with BCG CW, ca. 50% of 200 adherent alveolar cells examined had diameters of more than 21.0 ,um, whereas the adherent alveolar cells obtained from controls were mostly 10.5 to 21.0 p.m in diameter (Fig. 1) . In C3H mice injected with BCG CW, no adherent alveolar cells having diameters of more than 21.0 p.m were found, and the diameters of about 60% of the cells were 10.5 to 21.0 ,um. On the other hand, the diameters of almost every cell from control mice were less than 10.5 p.m (Fig. 1) . When adherent alveolar cells from BCG CW-injected mice or control mice were stained for acid phosphatase, no acid phosphatasenegative cells were found (Fig. 2) . In acid phosphatasepositive adherent alveolar cells from B6 mice, ca. 50% of 200 cells from B6 mice injected with BCG CWs were +++-grade cells, whereas only 2% of the cells from the control mice were + + + grade ( Fig. 2 and 3) . In C3H mice, ca. 10% of 200 cells from C3H mice injected with BCG CWs were +++ grade (Fig. 2) . On the other hand, in control C3H mice, the majority of the cells were + + grade,and no + + +-grade cells were found (Fig. 2) .
Microbicidal activity of adherent cells from alveolar rinsings. Alveolar rinsings were obtained from B6 and C3H mice injected with BCG CWs or with o/w emulsion as described in the preceding experiment. Adherent cells from the alveolar rinsings in the wells of the microplate were challenged with M. bovis or L. monocytogenes. Immediately after challenge, the number of CFU of intracellular M. bovis and L. monocytogenes in the different groups was examined, but no significant difference was observed (Fig. 4) . Results after 24 and 4 h of incubation with M. bovis and L. monocytogenes, respectively, are also shown in Fig. 4 . Adherent cells from BCG CW-injected B6 mice inhibited the multiplication of both M. bovis and L. monocytogenes, but those from BCG CW-injected C3H mice did not.
Superoxide anion production by adherent alveolar cells obtained from B6 mice and C3H mice injected with BCG CWs. Adherent alveolar cells were harvested from B6 mice and C3H mice which had been injected with BCG CWs or o/w emulsion 4 weeks before. Superoxide anion production by 106 adherent alveolar cells was measured. When superoxide anion production by adherent alveolar cells was compared between B6 and C3H mice injected with o/w emulsion, the C3H cells had a much higher production rate than the B6 cells ( Table 2 ). In addition, superoxide anion production by peritoneal macrophages from C3H mice was also higher than that of macrophages from B6 mice (C3H versus B6: 6.0 + 0.5 versus 3.3 ± 0.08 nmol of 02-per 106 cells per 5 min, respectively). These findings suggested that superoxide anion production by macrophages from mice injected with o/w emulsion depends on the mouse strain. Thus, to evaluate exactly the degree of superoxide anion production by adherent alveolar cells in this experiment, we used an SPI. SPI was expressed as the efficiency of superoxide anion production by adherent alveolar cells from BCG CW-induced lung granuloma. The SPI of B6 mice was much higher than that of C3H mice (Table 2) . MI We showed that when B6 and C3H mice were challenged t + * -by aerosols containing M. bovis 4 weeks after they had been injected intravenously with BCG CWs, the protection of B6 Livity of adherent alveolarcellsfrom mice against M. bovis was stronger than that of C3H mice tvenously with 300 ,ug of BCG CWs 9 t BCG CWs 4 weeks before. To (Table 1) . These results are consistent with our previous BCGi CWsy4 waereksce befoere.iviTod studies (28, 29, 33, 35, 37) against an aerosol challenge with M. bovis between B6 and C3H mice, we tried to examine in vitro the activated state of lung macrophages, which are an important component of pulmonary protection against M. bovis.
We showed that all of the adherent cells from B6 and C3H mice injected with BCG CWs or with o/w emulsion were acid phosphatase-positive cells (Fig. 2) and ,B-galactosidase-positive cells (data not shown). Furthermore, we showed that B6 mice produced larger adherent cells and that 50% of the adherent alveolar cells indicated strongly marked acid phosphatase activity (Fig. 1 through 3 ) after intravenous injection with BCG CWs as compared with C3H mice-This finding reflected a striking difference of lung granuloma responsiveness to BCG CWs in both mouse strains. These morphological and histochemical characteristics of adherent alveolar cells from BCG CW-injected B6 mice have been reported as criteria for activated macrophages (6, 7, 9, 16, 18, 21, 25, 38) . Therefore, the finding of lung granuloma induced with BCG CWs in B6 mice is noncontroversial in terms of accumulation of activated macrophages.
Many investigators have shown an enhanced bactericidal activity of activated peritoneal macrophages (3, 11, 13, 26, 27, 30, 31) . The results presented here show that lung macrophages obtained from BCG CW-injected B6 mice are definitely bactericidal to M. bovis as well as L. mcnocytogenes (Fig. 4) . This finding fully supports Mackaness' insistence (20) encapsulated lymphokines or muramyl-dipeptide are cytotoxic in vitro against tumor cells.
In contrast, lung macrophages obtained from BCG CWinjected C3H mice showed a weak bactericidal activity to M. bovis as well as L. monocytogenes (Fig. 4) . We have already indicated that development of lung granuloma in mice is closely related to protection against aerosol challenge with virulent tubercle bacilli (28, 29, 33, 35, 37) . Thus, our in vitro finding presented here suggests that protection against aerosol challenge with M. bovis depends on the activation of lung macrophages. Additionally, the SPI, the efficiency of superoxide anion production by BCG CW-stimulated lung macrophages, was higher in B6 mice than in C3H mice. On the other hand, superoxide anion production by leukocytes has been reported to be closely related to the bactericidal activity of the leukocytes (2). However, we assume that the bactericidal activity of activated macrophages is dependent on the SPI rather on the absolute amount of superoxide anion production in our system, since we have observed that bactericidal activity of adjuvant-activated peritoneal macrophages is not always proportional to their superoxide anion production ability (Kimura et al., unpublished observation). Thus, a high value of superoxide anion production by lung macrophages from o/w-injected C3H mice probably does not mean that they have high bactericidal activity.
Our previous study suggested that cellular immunity was involved in lung granuloma formation induced with BCG CWs (36) . The demonstration in the present study of MI activity of alveolar cells from BCG CW-injected B6 mice indicated the existence of T cells sensitized with BCG CWs in the alveolar washing and confirmed without doubt the involvement of cellular immunity in lung granuloma formation. However, no MI activity of alveolar cells from BCG CW-injected C3H mice was observed despite the presence of 0 antigen-positive cells (T cells). We reported previously that the potential to develop granuloma was genetically controlled (34) and that in an experiment with irradiation chimeras, B6 mice reconstituted with C3H bone marrow cells were unable to produce a lung granuloma response, whereas C3H mice reconstituted with B6 bone marrow cells showed a good lung granuloma response (15) . Thus, our previous reports suggest that C3H mice possess a genetical BCG CWinduced lung granuloma unresponsiveness within their lymphohematopoietic cells. There are at least three mechanisms that can be postulated to explain the unresponsiveness of C3H mice for BCG CW-induced lung granuloma formation. First, T cells in the lungs may not be sensitized with BCG CWs and thus do not produce lymphokines, macrophage activating factor or, macrophage MI factor. Second, lung macrophages of C3H mice may be unresponsive to lymphokines in a manner similar to that of guinea pig alveolar macrophages as reported by Leu et al. (19) . Third, suppressor cells may be involved in BCG CW-induced lung granuloma response. Further studies are necessary to clarify the unresponsiveness of BCG CW-induced lung granuloma in C3H mice.
